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AN AERODYNAMIC DESIGN METHOD FOR TRANSONIC AXIAL

FLOW COMPRESSOR STAGE

Zhu Fang-Yuan, Zbou Xin-Hai, Liu Song-Ling, Fan Fei-Da

I. INTRODUCTION

In the beginning of the 50's, Professor Wu Zhongbua proposed

the theory of three-dimensional gas flow in fan blade machines and

through iteratively solving the SIS 2 stream surfaces to find the
~3-D flow field, established the theoretical basis for applying the

3-D flow model to the aerodynamic design of fan blade rotor machines.

Since the latter part of the 60's, a series of reports [2]-[7]

published abroad introduced the experimental and computational

results of applying 3-D .theory in the design of a transonic compress-

or stage. Multiple-circular-arc (MCA) airfoils are used in these

transonic stages. According to the data in these reports, the exper-

imental vlaues and the design values of the average stage proper-

ties and of the radial stream parameter distributions may be con-

sidered to be in agreement, thus proving that good results may be

obtained by applying 3-D theory to the design of transonic stages

and that MCA airfoil can be used in transonic stage design.

Based on an analysis and study of the quoted references, we

established an aerodynamic design method for a transonic axial flow

compressor stage and developed a computer program for it.

Our computational method consists of:

(1) The computation of the averaze So stream surface--comnuta-
tion of the flow fields at the blade leading and trailing edges

The streamline curvature method is used with the calculation

station at the blade lpadinm and trailing edges, the projections of

Which on the meridional planes may be arbitrary curves. In the cal-

culation, the effects of radial gradients of entropy, enthalpy and
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streamline curvature are taken into account. The results of com-

putations are the flow parameters of the average S2 stream surface

at the blade leading and trailing edges.

(2) Approximate calculations of SI stream surface of revolution

The practical application of current design is the approximate

calculation of an S stream surface with selected blade parameters.

The purpose is to check the aerodynamic properties of the selected

blades. In our method, the approximate calculation of the S stream

surface consists of:

A, Free stream calculation

The free stream calculation is an integral part in the approx-

imate calculation of the. flow field of the cascade entrance region

of SI stream surface. Based on the known position of S1 stream sur-

face and the leading edge flow parameters, it is the calculation of

the parameter distribution along the streamline from the leading edge

under the condition that the entropy and C0r are constant. The

result is used as the primary data for checking the incidence angle

and the choking margin of the blade channel in the blade parameter

calculation. The effects of the variation of streamline radial pos-

ition and stream surface thickness on flow parameters have been con-

sidered in the calculation.

B, Calculation of MCA airfoil parameters

The MCA airfoil parameters are calculated on a plane tangential

to the conical surface which is used to approximate the S1 stream

surface of revolution. The centerline angle of attack of the MCA

airfoil, the lag angle, the ratio of front chord to total chord, the

ratio of front camber to total camber are all determined by requiring

suitable values respectively for the incidence angle (the unique

incidence angle or the suction surface leading edge incidence angle),

the impinging point of the channel shock on the blade suction sur-

face, and cascade channel choke margin. An MCA airfoil may then be
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determined with other given conditions. In the calculation, the

variations of the airstream relative drag parameter and the varia-

tion of stream surface thickness have been taken into account.

(3) Blade shape and blade stacking

Based on MCA airfoil parameters already calculated, we form the

airfoil sections on the developed surface of the conic surface. In

order to maintai,: the basic characteristics of plane surface circu-

lar arc on a conical surface, we approximate a circular arc with

curves of equal turning rate. After forming the airfoil sections

along the various stream surfaces at blade height, we stack the

various airfoil sections into a blade according to certain require-

ments and find the airfoil surface coordinates on the various cross-

sectional areas. The principle for this part as well as for the com-

puter program is exactly the same as that of [93.

II. CALCULATION OF FLOW FIELD OF THE BLADE LEADING
AND TRAILING EDGES

According to the continuity equation, momentum equation, energy

equation and state equation of a non-viscous fluid, and from the

relationship (see Figure 1),

we can derive the principal equation of the streamline curvature

method at calculation station 1 along the curve to be

R. xa -7 T Pa) C. PC.) C" K -iI
T.j CO- K - I' Z: C. iA C. 2K 4i'A'

-iAIJ - ,infin(9*A), " R ;V4

K" + A" (-I)

where . A is the mechanical equivalent of heat.



In the computer program, the

"Runge-Kutta" method is used to

solve the set of equations (2-1),

(2-2) to obtain the meridional I
velocity Cm along the calculation
station and the flow distribution

from the calculation point to the
root section.

A double-spline function is Figure 1

used to approximate the projection of the flow line in the meridian

plane, i.e., equivalent stream points are first approximated by a

spline function from which the streamline tangent tg * is found.

Then the flow line tangent is again approximated by a spline function

from which the flow line curvature is found.

There are two methods to choose in the computer program for

estimating the loss in the blade row. One is to determine from the

available data the rotor isentropic efficiency and the radial dis-

tribution of the stator total pressure recovery coefficient. The

other is to calculate the airfoil loss from the relationship between

the given dispersion factor and the loss parameter. In the calcula-

tion, the stream parameters of the last iteration are used to compute

the dispersion factor and the loss coefficient in the current iter-

ation. When the flow field converges, the stream parameters and the

loss coefficient will also agree (within allowed error limits).

Tables 1 and 2 show the calculated results in comparison with

the data given by [23 and [3].

III. FREE STREAM CALCULATION

The problem to be solved in a free stream calculation is to find

the suction surface neutral point connected to the cascade unique

incidence angle and to provide original data for calculating the

shock loss.
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By free stream is meant the stream flow from the leading edge

with only the effect of flow construction in the meridian plane

without the reaction of the blades. Hence, the free stream should

satisfy the following conditions:

(1) the free stream Cor value is the same as that of the leading

edge stream along the same streamline

(2) isentropic flow

(3) axial symmetric flow.

In the presence of rotor blades, the average circumferential

stream parameters in the entrance region between the cascade entrance

to the first covering surface of the channel (both the suction sur-

face neutral point and the channel shock are located in this entrance

region) may still be approximately regarded as satisfying the three

conditions stated above due to the cancellation of the leading edge

shock wave and the expansion wave as well as the facts that the

stream flow is not much restricted by the blades before entering

the cascade channels and that the front section of the MCA airfoil

of the ultrasonic incident flow is relatively flat.

Based on the average S2 stream surface calculation, the free

stream calculation is carried out with continuous functions along

the streamline according to the above conditions.

The principal formula in this program is:

c.-' * I .7 3I
2ag VPi ioe(9iii i0

l i- Kr (3-2)

are calculated. They are used in the calculation

of airfoil parameters.

IV. CALCULATION OF MCA AIRFOIL PARAMETERS

The blade formation in our design method is carried out on the

conic expansion surface. The calculation of airfoil parameters is to
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provide the necessary data for blade formation and stacking.

The major problems involved in the calculation of airfoil para-

meters are discussed below:

(1) On what niane surface are the airfoil parameters to be calculated?

I Ifl~eridial~aj~ii
• ea~li~le P' 'aline

Figure 2

In our opinion, there are two possible ways to do this: one is

to use the tangent plane to the conical surface and the other is to

use the developed conical surface. In the former, the bowl and suc-

tion surfaces of the airfoil are composed of two sections of circular

arc, respectively, while in'the latter they are composed respectively

of two sections of constant turning rate curves (see Figure 2).

According to the unique incidence angle principle, when the

relative M number of the incident flow exceeds 1.0, it is necessary

in the design to calculate the Mach wave system in the cascade

entrance region. When calculated on the tangential plane to the

conical surface, this Mach wave system is obtained by using a two-
dimensional stream model with three-dimensional stream corrections.

If the airfoil is designed not by following the unique inci-

dence angle principle but by choosing the leading edge suction sur-

face incidence angle, then it is not necessary to calculate the cas-

cade entrance Mach wave system. The second method can also be used.

6
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This has been carried out in [9].

In our computer program the first method is adopted. In addi-

tion, while the cascade choking situation is being checked, we also

consider the changes in cascade distance along the conical surface,

the changes in the airstream relative drag parameter and the changes

in the stream surface thickness. Calculation indicates that the

various airfoil parameters thus obtained are more reasonable. The

calculated results and the data from [3] are both listed in Table 3.

(2) Calculation of lag angle

In principle, lag angle calculations are all based on the Carter

formula with corrections to take into account of the effect of three-

dimensional flow. In general, there are two methods of treatment:

One is to calculate with the airfoil turning angles in [2], [3] and

the other is to calculate with the airfoil equivalent turning angle

as in [5], [9].

A. Calculation with airfoil turning angle

The computational formulas are

= Dl- I .

where is the empirical correction when

3-D flow effect is taken into account.

B. Calculation with airfoil equivalent turning angle

In [10], it is suggested that the velocity triangle at the

stream surface cascade entrance be transformed into an equivalent

velocity triangle. The condition for transformation is: the exit

meridional velocity and radial coordinate are the same as at the
entrance, and the C r value is equal to that of the original velocity
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triangle at the entrance. Based on these conditions, the equiva-
lent exit stream angle is

ra..r(m.. (4-2)

The formula for calculating the lag angle is

-(4-$)

In [5], airfoil section formation is carried out on the cascade

projection surface and the equivalent exit stream angle is to be

located on this plane.

The airfoil equivalent turning angle on the cascade projection sur-

face is used to calculate the lag angle.

In our program, (4-1) is used to calculate the airfoil lag

angle.

-' (3) Calculation of the suction surface neutral point
and unique incidence angle

When the airfoil is designed according to the unique incidence

angle principle, the suction surface neutral point needs to be

located. It is pointed out in [2] that it is a very good approxi-

mation to take as the neutral point the mid-point between the air-

foil leading edge and the starting point of the Mach wave at the

suction surface upper seal. This assumption has been verified by

detailed stream diagrams.

The calculation method used in our program is to first obtain
the distribution of the stream angle 8m and the relative M number

*along the streamline through the free stream calculation. Then the

Prandtl-Meyer formula is used to calculate the M number as the

stream angle of the free stream is turned to be parallel to the

direction of the tangent line of the local airfoil suction surface.

Then the distribution of the M number along the airfoil suction
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surface, and from it the neutral point may be found. For 3-D flow,

the tangent line of the neutral point airfoil section should agree

with the direction of the local free stream. However, after the

choking reaction on the blade and the attached surface on the blade

is taken into consideration, it is proposed in [2] that there should

be an angle of attack of about +1.50 between the tangent line of the

neutral point airfoil section and the local free stream.

The leading edge median angle of attack and the leading edge

suction surface angle of attack computed according to the above

method are listed in Table 3. The data from [3] are also listed.

(4) Shock position and shock loss

The model of the cascade channel shock is shown in Figure 3.

From the A point on the .leading edge, draw a normal to the channel

median and intersect the suction surface of another blade at B. The

normal AB is then a normal shockwave. The methods used to calculate

the M number in front of the shock in [2] and [3] are different. We

adopt the method in [3], namely that the critical area ratio

in front of the shock is found first from which the M number

in front of the shock is then obtained.

From the distribution of the free

stream critical area ratio (,,-),

the critical area ratio in front of

the shock is

S(Ati$ Figure 3

where t '. '. are respectively the cascade distance, radial coordi-

nate and free stream angle relative to point C and ym is the radius

of the interior circle tangential to the channel with center at C.

The relationship of (.) and the Mach number )& in front

of the shock is

~9



In Figure 3, there is a definite requirement on the position

of the intersection point between the shock and the suction surface.

In [3], it is required that the distance from this point to the

leading edge of the blade near the airfoil tip should be about 1.25

b f* The value will vary at different radii. The parametric chord

length ratio %/b, of the MCA airfoil should be adjusted based on

this requirement.

(5) Checking for channe2 choking

The cascade channel on the tangent plane of the conical surface

is shown in Figure 4. Except for the base blade, airfoil bowls are

formed according to the cascade distance on the conical surface in a

direction opposite to the rotational direction. Cascade channels

are formed between the base blade suction surface and the airfoil

bowl. Owing to the variation of the cascade distance on the conical

surface, the airfoil bowls formed are different from those of the

base blade.

The shock loss is calculated with the method mentioned before.

The airfoil loss coefficient * is the difference between the total

loss coefficient or obtained from the computation of the blade lead-

ing and trailing edge flow fields and the shock loss coefficient

No loss is assumed in front of the point of intersection between the

shock and the suction surface. The airfoil loss coefficient is

assumed to be linearly distributed from this point to the trailing

edge of the airfoil.

The formula are
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The minimum value for A/A is required to be 1.02-1.05. When

this range is exceeded, the airfoil parameter camber ratio P. may

be adjusted. Calculation indicates that in the neighborhood of

the blade tip, adjusting the camber ratio does not affect much the

II

minimum value of A/A while in the neighborhood of blade root, the

!*

camber ratio does affect the minimum value of A/A.

e The results of the calculation are shown in Table 3.

V. CONCLUSIONS

Based on the original given conditions and design requirement,

the design method and computer program mentioned in this paper is

capable of obtaining the data needed for calculating the blade air-

foil section coordinates and strength required in the manufacturing
of the blade, through the iteration of the blade leading and trail-

ing edge flow field computation, the approximate computation of the

S1 stream surface of revolution and blade airfoil section formation

and stacking.
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Sample calculation indicates that the result is good. Hence,

an effective tool is provided by the method and computer programs

in this paper for current aerodynamic design of transonic axial flow

compressor stage.

TABLE OF SYMBOLS

A mechanical equivalent B relative
of heat, area y airfoil angle

A/A* ratio of area to critical 6 lag angle
area

a distance from leading edge * airfoil

to point of maximum camber V angle between meridional

b chord length streamline and the Z axis

c absolute flow velocity P gas density

Fs  camber ratio W rotor angular velocity

GB flow rate between calcula- w total pressure loss coefficient

tion point and a cascade solidity, function of
g gravitational acceleration entropy

H total enthalpy X angle between calculation

i incidence angle station 1 and y axis

K index of Angle subscript:

1 curvature calculation sta- choke parameter

tion f airfoil front section

m meridional streamline, para- F free flow
meter used to calculate the
lag angle y radial

M Mach number S shock

N number of blades p airfoil
n sh shockp pressure

S entropy of flow m meridional streamline

R gas constant Z axial
6 circumferential

y radial coordinate
T temperature c airfoil centerlinet cascade distance ss suction surface leading edge

u circular velocity C equivalent velocity triangle

W relative velocity W relative parameter
L blade leading edge

X correction to lag angle

Z axial coordinate B neutral point

a stream surface conical 1 blade leading edge flow parameter

angle 2 blade trailing edge flow parameter
C flow parameter of machine's

far upstream
12
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11=E: In this table, 1 denotes the cal.u~e values withA
b=poia n denotes the value~s byve F31........

15



REFERENCES

Iit IV.C. It.. A 6,.a~ral Thmoelry .rIsw.. of* Viesin a jb...
Si- xrA. Sapessuni Tutborachbous at Axial . Iulial .8 aid e~d.I'l,- TYP..
N -CA TM 26"I 195L2

E i I %tvisirrat. M. r.. Xe.ua. m. I.. .saj r, is... f. C. Nlsins R&Purl.
.A! Si-':li Stage Irwtaluao Of M1ffy Loadtj.4 b Inch. Member Comprieso
Sa. NASA CA )2.16 2 . 1969.

a.,? s-% % .,cbamie.I noseism. 4IASA CR I?0SO. 50M2

E A I !Iowris. A. L.. 114110. I.EV.. &ad Kenti-A,. IL L. *ligbading IM0
Wset : % S~.e4 raaqunte C.'preessr Pas Staiw- 1. %ireailymanu. ad
Nfclsm c 'a sgn. NASA CR 120907. 172.

C S I Scylef. D). R.. and Smicb. L H1. Jr.. F.ucle A~ast F.zperimntal
F'3Iuati. of Ifis.~ "Set %ovll Compressor Rotor Weling: part 1. Oesiaus

E64 Gestlow. I e.. Kraluacer. K. W.. and Smith. I-. H.. Perforance
Cnmitarisives of Ilijg Marls Nunmbi Coaprttsim Rotor Oladiag. NASA CA

E 7 3 ISlam. D. M!. Xe..... U. L. aad Flyes. 1. T.. Single-%tace Few.
!Ratios of High Load@ I th.s-Maeh.XuMan., Compressor Stage: I. Date Perd.
raame. MlpI.inaA Rater1.. XASA CA 7246ft 19706

r SI Crown.. 3. L. hmAnoah. D. C.. and 'clivirias. R. L. A Cismpister
Program fair Canp'.vng Comipresser Dladiag f rom Simultated Citcular-Are
lements an Cmical. Sseaces. NASA TX D -% 07. 19.

0 1 Crosit. 1. L. Computer Programs law Definition of Teams....
Axial Flo* CnimpIose Ri. Ba Itspr, NASA TS P-73411. IM&

16



SUMMARY

An Aerodlynamic Design Mjethodc far'
'rranstmic Axial Flow Cnfmprc--ti Stage

1*. Pe.aysa. Zfrin Xiaew.
* Lis Samoing. md. Pa- Figwda

A lb..diasioa desdaa iogn method fee Ifeeseuuic &Nsa l ft
comspretsor sage is described is detasl is this paper in order tomake it

easie, to apply aad moss widelp used. Tb. mallsd comprises tis. maim pan*i:
thke Me A streamserfasig caleolaties. #be approximate Calculauis of 5T
stresuessrfaee of reylala.. and definiug the blae element 00 the msial
surface Ead se..ckiag; the blade airfol &"cties. Tb. owed is see'sual is that
the calculation statinas for wekhie Ae Se st,.asauface coaeiutagiees ago
curves. &ad poetial rny is th.t The sitfoit pramtess of blade, are salcutaie4

00 A pta.. 4sagest to AMe approvimtI Stt&aaSoffce Of ftevOltild. 0. thisl
tangeatial plane. two dinesalosal flow is ased as a basic aodel to calculate

the Mark wave system os ILs section surface of cascade eatraoee region.

The streamuline curvaturfe aet%ed is sued to calrulate 11w flow field as

menca Ss stteamserface. Tbe ptoJetaioas ons me. dismal plaows. oA the blade
les4 iag and aidng edge*. age selected as eakeultim. statbons. Along curved

Calemlaties staiems. the pri siral equatieas. is wit'h The sareastiqle mCava.
loge and the gialeats of 49shal;y &Ed entrospy age taken into accoffrl. are
deried frem th u ndamental 4quatloes of .oo.,iscebs al'isy-%otlic flow. bei
Rtage-KNasla oelhus is used to solve I5-.. pnieipal equations. T~e slope and
Coevoture of Ike stramlia. sae fenudl by amoss of The splise sad dolble
aplise foactioas respectively.

The approximate eal-slai.., of St .aeamserfas. of revolution cesists of

Ike fe ,eream calculation sad the blade oiilol psanvits talculas~a. The

ft..0 stream is cascade eutramee "Sgits is galculaind4 for the purpse of
puefrming the akolime of welqoo incideneoagle and the, acalysois ad
"husee margis of blade uioset. Is the fret atream ealeolatoe. the reasepity
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